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The Anisotropy of the Mesophyll and CO2 Capture Sites
in Viciafaba L. Leaves at Low Light Intensities
AYODEJI JEJE1 AND MARTIN ZIMMERMANN
Harvard University, Cabot Foundation, Petersham, Massachusetts 01366, U.S.A.

ABSTRACT
Experiments are reported on the spatial distributions of isotopic carbon within the mesophyll of
detached leaves of the C 3 plant Viciafaba L. fed I 4 CO 2 at different light intensities. Each leaf was
isolated in a cuvette and ten artificial stomata provided spatial continuity between the ambient
atmosphere (0-03-0-05% v/v CO 2 ) and the mesophyll from the abaxial leaf side. Paradermal leaf
layers exhibited spatial profiles of radioactivity which varied with the intensity of incident light in 2 min
exposures. At low light, when biochemical kinetics should limit CO 2 uptake, sections through palisade
cells contained most radioactivity. As the light intensity was increased to approximately 20% of full
sunlight, peak radioactivity was observed in the spongy cells near the geometric mid-plane of the
mesophyll. The results indicate that diffusion of carbon dioxide within the mesophyll regulated the
relative photosynthetic activity of the palisade and spongy cells at incident photosynthetically active
light intensities as little as 110 /iE m~2 s~' when CO 2 entered only through the lower leaf surface.
Key words: CO 2 capture sites; Viciafaba L.; Artificial stomata.

INTRODUCTION
The mesophyll of the leaves of many higher plants is structurally anisotropic and often
differentiated into distinct palisade and spongy layers (Esau, 1965). Stomata in the epidermal
cell layers permit the access of ambient gases into the mesophyll and the outward movement
of water vapour and oxygen. The stomata may be more numerous in, or even restricted to, the
lower epidermis (Meidner and Mansfield, 1968). Palisade cells, densely packed with
chloroplasts, are normally found next to the upper epidermis and are therefore better
illuminated than spongy cells. The palisade cells are usually packed close together with only
narrow intercellular spaces through which CO 2 can diffuse for the full length of the cells to be
involved with CO 2 uptake. For hypostomatous leaves, the palisade layer is also further from
the inlet of CO2 than the spongy layer. Because leaves are thin, normal diffusion of gases
from the air should lead to small concentration gradients in the mesophyll. Therefore, the
functional significance of the cellular arrangement in the mesophyll has, generally, been
neglected. This study shows that under some conditions mesophyll structure may limit
photosynthesis because of the low concentrations (~0-03% v/v) of CO 2 in ambient air.
The basic issues
The transport of CO2 from air to the chloroplasts is probably by passive diffusion in
consecutive and different domains (Nobel, 1974). Typically, the pathway traversed by CO 2
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consists of the following: a stagnant air layer apposed to the external surfaces of leaves, often
called the boundary layer, stagnant gas within stomata pores (Jarman, 1974), a mesophyll
intercellular space, and 'liquid' phase comprised of moist mesophyll cell walls, cellular
cytoplasm, the membranes and the chloroplast stroma. The resistances contributed, in series,
by each domain are frequently deduced from experimental data for transpiration and CO 2
assimilation rates. This approach may be adequate for describing the drying of a porous bed
with the diffusing species generated within narrow planar zones. For the leaf, there are
important but subtle differences.
In the mesophyll intercellular space, some CO 2 is continuously withdrawn as the bulk
diffuses inwards. The diffusion resistance for the domain should, therefore, not be lumped into
a constant parameter. A concentration gradient for CO 2 must be established within the gas
space, and no matter how small, this gradient is present when the rate of photosynthesis
exceeds that of respiration. The population and physical dimensions of the stomata, while
photosynthesis takes place, would partly determine the CO 2 concentration profiles in the
intercellular space. The net photosynthetic efficiency of cells may depend on the profiles
achieved at different light intensities. Approximately five times the normal concentration of
CO 2 in ambient air has been reported optimal for photosynthesis in higher terrestrial plants
(Stalfelt, 1960). This indicates that leaves normally function below capacity as a result of CO 2
deficiency.
Blackman (1895), Brown and Escombe (1900) and Chapman and Loomis (1953), amongst
others, studied how CO 2 concentrations external to the leaf affect leaf photosynthetic rates.
Various qualitative and empirical schemes have been proposed to relate the rates to the
conductance of the diffusion pathways and CO 2 concentration differences (Verduin, 1949;
Heath, 1969; Jarvis, 1971). Cowan and Farquhar (1977), Schulze and Hall (1982) and others
in recent studies evaluated the lumped conductance exhibited by leaves by the technique of
variational calculus. From the mechanistic perspective, the epidermal layers are porous
partitions between two gas diffusion domains and diffusion through the partitions should
depend on the stomata population densities (Hall, 1982) and transient changes in stomatal
apertures. Apart from diffusion resistances, the rates of biochemical reactions in the
chloroplasts may limit the rapidity of CO 2 uptake. These reactions are regulated by light as
related to the activity of chloroplasts, and other cellular factors (enzyme activities, the
concentrations of ions and intermediate compounds involved in the fixation cycles) (Lilley
and Walker, 1975). Even the accumulation of products has been reported to inhibit
photosynthesis (Moss, 1962). The net CO 2 transport could, under certain conditions, be
enhanced by CO 2 -bicarbonate ion transformations catalyzed by carbonic anhydrase in the
cytoplasm (Nielsen, 1960).
For endothermic chemical reactions catalyzed at solid surfaces (Satterfield, 1970), it has
been established that, as the temperature is increased, either kinetics of transformation or the
diffusion of the reacting species to the catalytic surfaces may control the overall rate. It is
suggested that the net rates of CO 2 assimilation by higher leaves is controlled similarly as
light intensity is changed. The proposed kinetic regimes are illustrated in Fig. 1. At low light
intensities (region A), biochemical reactions in the chloroplast stroma and cell cytoplasm
should limit CO 2 uptake rates. As the light intensity is increased, the solvation and diffusion
of CO 2 in the 'liquids' (moist cell walls, cytoplasm and stroma) may become limiting (region
B). This resistance, however, has not been proven significant and is probably less important
than kinetic limitations (von Caemmerer and Farquhar, 1981). At still higher light levels, the
diffusion of gases in the mesophyll intercellular spaces and the stomata should become
limiting (region C). Finally, for further increases in light intensity, the supply of CO 2 from the
ambient to the external leaf surface would become limiting. The different curves in region D
reflect convective boundary conditions external to the leaf.
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FIG. 1. Proposed kinetic regimes for steady state photosynthesis in leaves exposed to normal air at
varying light intensities. At low light levels (A), biochemical reactions are proposed to limit CO 2 uptake
rates. In the absence of other limiting mechanisms, the curve can be projected to an optimal rate (E) at
the prevailing CO, concentration levels. The photosynthetic rate decreases when solvation of CO 2 in the
cell wall limits the uptake in parts or all of the mesophyll (B). The rate further decreases when gas
diffusion becomes the limiting factor within the mesophyll (C). In region D, the influx of CO 2 through
the external boundary layer on the leaf and the stomata becomes limiting. The arrow indicates the
direction of increasing wind velocity.

The scope
The relative effectiveness and functional adaptation of the different paradermal cell layers
in a C 3 leaf for the uptake of CO 2 have been studied. These depend on CO 2 concentration
profiles in the mesophyll intercellular space and are controlled by the local kinetic rates and
the structural characteristics of the mesophyll (internal areas per unit volume, porosity, shape
of cells and their organization).
Studies on CO 2 uptake sites for both C 3 and C 4 plants have been reported (Moss and
Rasmussen, 1969; Bednarz and Rasmussen, 1972; Outlaw and Fisher, 1975). The intent had
been to explore differences between C 3 and C 4 plants and the time dependent redistribution of
assimilates in the mesophyll. The present investigation is on the regulation of CO 2 supply
within the mesophyll. Stomata are small and the pores are open to variable extents (Laisk,
Oja, and Kull, 1980). Transport of CO2 through such microscopic and unsteady pores was
not investigated. Instead, each test leaf was isolated in a cuvette with ten small holes in the
wall adjacent to the lower epidermis. The epidermis exposed at the holes were drilled out to
create apertures, approximately 0 0 3 2 mm2 area, to link the mesophyll space and the outside
air through glass capillary tubes of similar bore area. These tubes (Plate ID) were either 0-5
cm or 1 -0 cm long. Each tube served as an artificial stoma and it is functionally equivalent to
the normal stomata replaced. Part of the justification is provided in an elementary
one-dimensional analysis of diffusion within a stagnant gas. (Appendix A). The analysis
showed that the quotient of the pore depth to its cross-sectional area is an important
parameter. This ratio is approximately 300 mm" 1 for both the 1 -0 cm long artificial stoma

Downloaded from http://jxb.oxfordjournals.org/ at Harvard University on May 1, 2012

o
o
a.

Jeje and Zimmermann—Spatial Distribution oflsotopic Carbon

1679

MATERIALS AND

METHODS

Young leaves of 8 week old broad beans, Viciafaba L., 70-90% expanded and grown at 20 °C under
fluorescent light (16 h light at approximately 300//E m~2 s"1 daily) in the greenhouse were used. Fully
mature leaves were up to 400 jum thick with relatively thin epidermal layers (c. 25-30 //m), palisade

PLATE 1. The cross-section and abaxial surface views of Viciafaba. L. leaves, A and B. Cross-sections
of leaf segments. The size of the vascular bundles with the xylem vessels on the adaxial side is typical for
the portions of the leaf which excludes the mid-rib and major veins. Chloroplasts, the bright spots within
the cells, are absent in the epidermal layers (xl75). c. Abaxial surface view of a leaf with the
chlorophyll removed. The distribution of the stomata and some vessel ends are shown. The hole drilled
in the epidermis in a test leaf would have a diameter approximately equal to 90% of the smaller
dimension of the picture (x 175). D. A view of the lower surface of the cuvette enclosing a leaf and the
transfer capillary tubes inserted into guide tubes (x 2). The transfer tubes touch the lower leaf epidermis.
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and a normal fully open leaf stoma. One artificial stoma also has the same volume of the
mesophyll under its immediate influence as would the stomata it replaces.
The combined pore areas for all stomata (in the lower epidermis) of the leaf area sampled
for analysis and fed CO 2 through an artificial stoma were between 0-03 mm2 and 0-035 mm2.
Within statistical error, the pore of the artificial stoma encompassed a single stoma on the
leaf (Plate lc) since stomatal density on the lower epidermis was 26-38 per mm2 area.
Evaporative stresses which could modify the photosynthetic activities of the leaf cells were
consequently considered unimportant. An advantage to having only ten widely-spaced
artificial stomata is that transitions between different rate limiting processes for the uptake of
CO 2 is more obviously displayed. Parts of the leaf not near the artificial stomata would
accumulate radioactivity to reflect CO 2 diffusion anisotropy in the mesophyll structures and
also, the interaction of concentration fields as suggested for normal stomata (Heath, 1969)
would be reduced or eliminated.

1680
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FIG. 2. The temperature controlled chamber with the cuvette (C) in position. The light from the lamp
(L) passed through a liquid filter and an infrared absorbing glass (G) before reaching the cuvette. The
temperature within the chamber was regulated by four thermoelectric devices (T) cooled on the outside
with chilled water (W). The air with M CO 2 was admitted at (F) and exhausted at (E) at the end of an
experiment.
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layers of approximately half the thickness of the spongy layers (Plate 1A, B), and with approximately
equal numbers of stoma on upper and lower epidermal layers. Young leaves importing assimilates but
photosynthetically active (Lurie, Pax, Struch, and Bravdo, 1979) were employed.
Leaves were harvested with the petiole under tap water and kept in the dark (with petiole immersed)
usually for more than 12 h but less than 48 h to ensure the depletion of stored starch. After 3 d, the
leaves sometimes exhibit a diminution of photosynthetic activity and may become limp although
pigmentation levels appear unchanged even for a longer period. Sometimes, leaves were harvested and
used shortly after the entire plant had been in the dark for 8-12 h. No starch was detected in such
leaves. It wcs initially considered desirable to feed leaves 2-5 mM sucrose solutions to inhibit the
release of sucrose from cell cytoplasm with the apoplast (Kursanov and Brovchenko, 1970) and to
close normal stomata by spraying leaves with 0-001 M abscisic acid (ABA) solutions with 0-01%
Tween 80. These procedures were abandoned since they did not prove particularly effective.
The cuvette, 7 0 cm long by 4-5 cm wide by 0-53 cm thick, consisted of a glass slide, a 0-25 cm
thick acrylic plate and a rectangular spacer. Ten 1 • 1 mm o.d. guide tubes were sealed into the acrylic
plate in a staggered arrangement as in Plate ID. 1 0 cm or 0-5 cm long transfer capillary tubes, 0-65
mm o.d. and 197-4 //m i.d., were inserted into the guide tubes to touch the lower epidermis of the
enclosed leaf and held in position with vacuum grease in the annulus. Holes were drilled in the lower
epidermis with a 150 fim diameter platinum wire which protruded no more than 50 urn out of a
capillary tube of the same diameter as the transfer tube before the latter was inserted. This 'drill' was
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passed through the guide tube until it touched the lower leaf epidermis and then twisted on its axis a few
times for the wire only to puncture the epidermis. The resulting holes were away from major veins.
Minor vascular bundles (Plate 1A and B) were usually within the area subtended by the holes (Plate
lc). Because punctured epidermal cells retract, the hole diameters were often slightly larger than 200
jUm, but because the epidermis was very thin compared to overall diffusion path length, errors were
considered insignificant. Five 1-0 cm long transfer tubes were arranged on one side of the leaf mid-rib
and another five 0-5 cm long tubes on the other side. When stomatal pore resistances are significant,
the fluxes of CO 2 through these tubes should be different since the exchange of gases between the leaf
and the environment occurred only through them.
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FIG. 3. The plot of fractional radioactivity level in different paradermal layers versus relative distance
within the leaf mesophyll for a light intensity of 10-2 fiE m" 2 s~' at the upper surface of the leaf. The
data shown is from a single leaf with the points O and D for discs supplied CO 2 through 1 0 cm transfer
tubes, A supplied through 0-5 cm tubes and • is for a disc without a hole in the epidermis. The line is a
regression fit of the 6th order.
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The cuvette with a leaf mounted was sealed in a temperature controlled chamber (Fig. 2) at 24 +
0-2 °C in the dark. Air saturated with water vapour was passed through the chamber and the system
reached equilibrium in 15-20 min.
The light source was a projection lamp (ELH) regulated by a rheostat. The intensity and spectrum of
light from such a lamp depend on the applied voltage. The light traversed a 3-5 cm absorption cell
through which chilled 0-01% aqueous acid fuchsin solution circulated. Infra-red component of the
lamp emission was thus filtered out by the fluorochrome which also modified the radiation spectrum to
between 600 nm and 800 nm. The spectral maximum occurred at 650 nm and the photon flux between
650 nm and 700 nm was 90% of the total. Photosynthetic efficiency of leaves is maximized at these
wavelengths. Light intensities at the leaf upper epidermis provided between 10 and 420/iE rrr 2 s"1. The
highest light level was therefore about 20% of full sunlight. Since test specimens were grown in 300 //E
m~2 s~' light, it was anticipated that the leaves would exhibit photosynthetic capacities similar to shade
leaves.
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FIG. 4. The plot of fractional radioactivity level in different paradermal layers versus relative distance
within the leaf mesophyll for a light intensity of 61 //E m~2 s"1 at the upper surface of the leaf. The open
symbols are for discs supplied CO 2 through 0-5 cm transfer tubes and the solid symbols are for discs
supplied CO 2 through 1 -0 cm transfer tubes. The line is the regression fit of the 6th order.
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The test procedure
During a run, light was turned on for an initial 15 s with conditioned ambient air flow through the
test chamber. The intent was to activate chloroplast enzymes at the prescribed light intensity (van der
Deen, 1960). Light was turned off for 2-3 min while radioactive I 4 CO 2 , prepared from 1-0 mCi Ba
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FIG. 5. The plot of fractional radioactivity level in different paradermal layers versus relative distance
within the leaf mesophyll for a light intensity of 280 fiE m~2 s"1 at the upper surface of the leaf. The
open symbols are for discs supplied CO 2 through 0-5 cm transfer tubes. The symbols • and • are for
discs supplied CO 2 through 1 0 cm transfer tubes while.© is for a disc without a hole in the epidermis.
The line is the regression fit to the 6th order.
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CO2 (39-5 mg) and 90% lactic acid and mixed with CO2-free air, was admitted into the chamber. The
leaf was then illuminated for 2 min without gas flow in the chamber while U CO 2 was assimilated. The
volume of the test chamber relative to the cuvette's was large and the reservoir 14 CO 2 concentrations
should not change significantly in a run.
After photosynthesis, the leaf was removed from the cuvette and 4-0 mm diameter discs were
punched out around the holes in the epidermis. The discs were gently mounted between 2 glass slides,
chilled and kept in liquid nitrogen. 2-2-5 min were required from removing the cuvette from the
chamber to freezing the samples. From other areas of the leaves other discs were retrieved and
preserved frozen. Each frozen disc was mounted flat on an ice block in a cryostat-microtome operated
between —25 °C and —30 °C and serial paradermal sections (16 /im thick) made. The sections were
washed from the forceps into 4-0 ml vials with 10-15 drops of citrate buffer solution. Between 10 and
22 vials contained the sections from each disc.
The polysaccharides in each vial were digested enzymatically with a few drops of 5% w/v cellulase
from Aspergillus niger augmented with /?-glucosidase (cellobiase) in 10 nM citrate buffer (pH 4-5), and
diastase (4-6 mg per ml) from malt at 35 °C and room temperature, respectively. Each enzyme was
allowed to act for more than 2 h, preferably overnight. After digestion, which was not always complete,
a few drops of cellosolve (ethylene glycol monomethyl ether, C 3 H 8 O 2 ) was added to each vial as
diluent before the solvent-surfactant-fluor base cocktail (liquid scintillation counting solution) was
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added. Radioactivity in each vial was counted on Beckman Scintillation Liquid Counters for a duration
of 10 min.
Other fresh leaf specimens were preserved in modified FAA. These were embedded in paraffin and
10 /im sections in both paradermal and cross sections were made for detailed analysis of the mesophyll
structures on an image analyzer coupled with a microscope.
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FIG. 6. The overall patterns for radioactivity distribution in the leaf mesophyll for incident light
intensities at the upper surface of the leaf of: (a) 10-2, (b) 26-6, and (c) 61 pE m~2 s"1. The regions
occupied by the spongy and palisade parenchyma cells as well as the vascular bundles are shown. The
absolute count of radioactivity for (a) is less than for (b) which, in turn, is less than for (c). Thus, a
direct comparison of the magnitudes for fractional radioactivity levels for the different curves should not
be made. The plots are 6th order regression curves of experimental data from more than five samples for
each condition.
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RESULTS
The radioactivity count for each paradermal section was normalized with the total count for
the corresponding leaf disc. These ratios were plotted versus position in the leaf. Typical
results are presented in Figs 3—5 at different light intensities. Data are not presented in terms
of absolute activity accumulation because only the relative distributions are of present
interest. Also, because leaf thicknesses were variable the distances of the paradermal sections
from the lower epidermis were divided by the leaf disc thickness to render the data on a
similar basis. The data for a minimum of five leaf discs given similar treatments was pooled
and fitted with regression curves (Figs 6-8).
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FIG. 7. The overall patterns for radioactivity distribution in the mesophyll for light intensities at the
upper surface of the leaf of: (a) 112. (b) 280. and (c) 418 ^E m"2 s"1. The regions occupied by the
spongy and palisade parenchyma cells as well as the vascular bundles are shown. The plots are 6th
order regression curves of experimental data from more than five samples for each condition.

Local void volume, and cell surface areas per unit leaf volume in successive paradermal
layers are shown in Figs 9 and 10 respectively. Clearly, from Plate 1A and B and Figs 9 and
10, the cells within the spongy layer are not randomly arranged. Two or three distinct paradermal cell layers are present in Vicia spongy mesophyll. The position of each layer is marked
by a minimum in the local void fraction spatial pattern and the internal area per unit volume is
near maximum at the corresponding distance. Vascular bundles seem positioned between two
spongy cell layers and a relatively high void volume is noted in the plane of the bundles. The
void fraction was usually highest next to the lower epidermis (Plate 1A and B).
The spongy cells are not spherical. They assume the shape of three or more isodiametric
cylinders which radiate from a common bulb. The ends of the cylinders of a cell make direct
intimate contact with ends of cylinders from adjacent cells. Departure of the cell shapes from
spherical may be described by form factors,/ (4nA I p1) in two perpendicular planes, where A
is average area enclosed by, and p is the total perimeter of a group of cells in paradermal- or
cross-section. Spongy cells appear elongated in the paradermal planes with form factors
ranging from 0-5-0-7. These shape factors correspond to projections of rectangles with
aspect ratios (length/width) of 2-4 (the form factor for a circle is unity). In cross-section the
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FIG. 8. Comparisons of radioactivity patterns in leaves for different 14 CO 2 concentrations extenal to the
leaf at light intensities of 26-6 fiE m~' s~' (a, b) and 280 ftE m~l s~' (c, d). The CO 2 concentration was
approximately 0 0 3 % v/v for curves b and d, and 0 0 5 % v/v for curves a and c.

form factor for spongy cells averaged about 0-7 and the longer dimensions, 40-75 fim. are in
the paradermal planes. For most cells the lengths are around 50 /um.
The palisade cells were almost cylindrical and the form factors (in the paradermal plane)
were approximately 0-8. That is, the cross-section was somewhere between a square and a
circle. The averaged length to diameter ratio was about 4. The palisade cells were typically
single-layered but some cells were displaced from the upper epidermis. Stomata are often
present at the upper epidermis where the palisade is retracted. The palisade occupies 30-40%
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FIG. 9. Local fraction of intercellular space within the mesophyll of Vicia faba leaves versus relative
distance between the two epidermal layers. The average widths of the mesophyll in the samples were
412 //m (O), 370 fim (A) and 379 //m ( 0 ) . The line is a visual (not calculated) best fit for the data
based on five samples.

of the entire mesophyll volume and geometric similarity of cell arrangement is apparent for
the different leaves of the Vicia faba plants used in the experiments.
DISCUSSION
The relative accumulation of radioactivity (14C) in the cross-section of leaves in 2 min periods
are presented in Figs 3-8. Because the cellular organization is anisotropic and the uptake
kinetics may vary with position, transient CO 2 profiles in the intercellular spaces during
photosynthesis cannot always be deduced directly from the patterns for locally accumulated
radioactivity.
The basis for the discussion of results
The diffusion of a gas in a hypothetical leaf without a lower epidermis is considered first.
When such a leaf is suddenly exposed to air containing a tracer such as 14 CO 2 in low
concentrations, the time required for the tracer to traverse the mesophyll and reach the inner
wall of the upper epidermis can be estimated from the penetration theory of bulk diffusion
(Crank, 1975).
The one-dimensional, unsteady-state, equimolar counter-diffusion of CO 2 and air in an
isotropic porous medium is described by:
SxA
8t

DAJ
dz1

(1)

where z is the distance in the direction of flux, l is the time elapsed, xA is the mole fraction of
CO 2 in the gas mixture, DAB is the binary diffusivity, <j> is the local void fraction of the porous

Downloaded from http://jxb.oxfordjournals.org/ at Harvard University on May 1, 2012

0.0

1688

Jeje and Zimmermann—Spatial Distribution oflsotopic Carbon
Spongy

»+•>

Palisade—H

Vascular

h

H Bundle

Downloaded from http://jxb.oxfordjournals.org/ at Harvard University on May 1, 2012

UPPER
EPIDERMIS

RELATIVE
DISTANCE

LOWER
EPIDERMIS

F r c 10. Local specific areas (per unit volume) of exposed cell surfaces within the mesophyll of Vicia
faba leaves versus relative distance between the two epidermal layers. The average width of mesophyll
in the samples were 412 ,um (A), 370 nm (O) and 379 //m ( • ) . The line is a visual (not calculated) best
fit for the data based on five samples. The maxima and minima are obvious in every specimen but the
positions are not always coincident.

medium, and r is a tortuosity factor for non-straight pores. This equation is solved subject to
the conditions that at the exposed porous solid surface, the concentration of CO 2 is constant
(*AO) a n d a t the upper epidermis the flux of CO 2 is zero. The latter is equivalent to an
assumption of an impervious upper epidermis. The solution is:

(-1)"

—1

n *— 2 n + l
n=0

where

/? = •

yl?

and

C= —

In equation 2, L is the thickness of the leaf.

e(~ln

2n+ 1

+ l)V/3/4 COS •

(2)
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TABLE

1. Transpiration rates for single fresh Vicia faba leaves in air over 7 min periods

Leaf stomatal density was 32-36 per mm2 leaf surface area.
Sample

Transpiration rate x 105
(//Imm-^s- 1 )

Room temperature
(°C)

Room relative humidity
(%)

1
2
3
4 (0-7 min)
(52-59 min)
(94-101 min)

0-861
•43
•616
•159
•482
•338

30-0
30-6
30-6
30-6
310
31-2

74
75
75
75
77
77-3
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If the leaf mesophyll is assumed isotropic (e.g. consisting mainly of spongy cells uniformly
distributed), is 500 fim thick, has 50% void spaces and a tortuosity factor of 1-3, the time
required at 20 °C for 14 CO 2 to penetrate up to the upper epidermal wall is approximately 2-5
ms. At this inner wall, the 14CO2 concentration would be 90% of that in ambient air in less
than 40 ms. Within a second, the concentration throughout the mesophyll is substantially the
same as in ambient air. When photosynthetic rates by such a leaf is low, the time scales for
the transport of CO 2 will not be substantially altered.
Clearly, a rapid uptake of the diffusing 14 CO 2 by the cells and/or a restricted access for
CO 2 is required for significant CO 2 concentration gradients to exist in a leaf in 2 min after
exposure. Rapid uptake of CO 2 would occur in intense light, and stomata and narrow
mesophyll intercellular spaces would restrict diffusion.
Moss and Rasmussen (1969) and Bednarz and Rasmussen (1972) investigated
qualitatively the sites of CO 2 fixation in C 3 and C 4 plants at low and near saturating light
intensities. Micro-autoradiograms of Beta vulgaris L. leaf cross-sections, after 14CO2 was
assimilated by the leaf for 1 or 2 min, showed preferential radioactivity accumulation in
neither the palisade nor spongy layers. Furthermore, the autoradiograms show only a
two-dimensional picture.
Outlaw and Fisher (1975) investigated the time-dependent distribution of assimilates in
leaves still on plants at 170 JUE m"2 s~' illumination. Fully expanded leaves fed 14CO2 for less
than 5 min exhibited more radioactivity in mobile soluble products than insoluble
products, and the accumulation of radioactivity in the palisade region exceeded that in the
spongy mesophyll. Paradermal sectioning was employed simply to separate tissues—spongy
cells without veins, spongy cells with vascular bundles and palisade cells (Plate 1A, B) rather
than to obtain spatial distribution profiles for 14 C. The authors suggested that 'shading',
interpreted here as light attenuation, explains the differential accumulation of radioactivity.
The authors commented without further explanation t h a t ' . . . the leaves were illuminated at a
light intensity which results in the maximum difference in photosynthesis between the tissues'.
They also ' . . . discounted the possibility of a CO 2 gradient within the leaf since epidermal
stomatal densities are similar . . . in the upper epidermis and . . . in the lower epidermis and the
rate of CO 2 fixation was low'.
Similar epidermal stomatal densities, however, should not preclude the existence of CO 2
and water vapour concentration gradients in a photosynthesizing leaf. The stomatal aperture
sizes are important. Presented in Table 1 are the transpiration rates of single Viciafaba leaves
over 7 min periods. The temperature and relative humidity of air in the room are as shown.
The other conditions such as stomatal densities, air currents and illumination levels were
essentially constant. The data showed variable transpiration rates with only slight differences
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in ambient temperature and relative humidity. The results for sample 4 can be ascribed to
transient opening and closure of stomata (Raschke, 1975). The assimilation of CO 2 at low
light levels would be expected to vary similarly.

*A=/lO)

(3)

where the local light intensity, / , is a function of the transverse distance through the leaf. This
function should normally be more complex than suggested by the Beer—Lambert's Law.
I = Ioe'kz

(4)

Cells which intercept the light are not uniformly dispersed and usually have large vacuoles.
The cytoplasm of a palisade is bound by plasmalemma and tonoplast membranes which
could confine light rays through it by total internal reflection. Such rays are effectively
absorbed by the chloroplasts. Rays through the vacuoles and outside the cell are little
attenuated in the palisade layer. The spongy cells, however, because of their irregular shapes
and distribution can attenuate light by absorption enhanced by scatter from cell surfaces. An
appropriate function for equation 3 has yet to be established.
When the supply of CO 2 to the cells becomes limiting in some parts of the mesophyll,
photosynthetic rates must be defined by another function:
*A=/2(/,C A )

(5)

where C A is the local concentration of CO 2 . In the appropriate function, the local CA is less
than the ambient CO 2 concentration, C AO , and depends on both position and time. The
photosynthetic rates and carbon dioxide concentration profiles are consequently no more
simply related to the accumulated radioactivity.
Explicit forms for equation (5) have been proposed as listed by Thornley (1976, Table 4.1).
The most commonly used expression is (Marshall and Biscoe, 1980):

al + eCA0

(6)

which relates the apparent photosynthetic rate of the entire leaf, i? A , to the local intensity of
light, / , and the ambient concentration of carbon dioxide, C AO . This two parameter equation
in c and e is an approximation which describes photosynthesis as a pseudo-first order
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The current findings
If gaseous diffusion was non-limiting, the concentration of 14 CO 2 would be almost uniform
within the intercellular space. The exact concentration distribution could then be evaluated
from the two-dimensional form of equation 1 with a term for the disappearance of the diffusing
species, and the boundary condition of an epidermis with microscopic pores. The
accumulation of radioactivity would reflect primarily that either the kinetics of photosynthesis
or the rates of dissolution of 14CO2 in the mesophyll cell walls controlled CO 2 uptake. With
the kinetics controlling, radioactivity accumulated in the palisade with active chloroplasts
should be much higher than in the spongy mesophyll. If the liquid phase diffusion was
controlling, the distribution of radioactivity would be correlated to the local internal area per
unit volume (Fig. 10). Under such conditions the average radioactivity per unit volume in the
spongy layer should be about 85% of that in the palisade layer. Data at the lowest light level
suggest that kinetics rather than liquid phase diffusion is limiting.
At low incident light intensity /„, the radioactivity accumulated locally in the mesophyll
depends directly on the photosynthetic rate. This local rate is a function of how light is
attenuated in passing through the leaf. That is
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reaction. Any spatial dependence of CO 2 concentration in the mesophyll is not reflected in
equation (6).
Total radioactivity accumulated in leaf discs is plotted in Fig. 11 as a function of the
intensity of incident light. The 14 CO 2 concentrations in the test chamber were approximately
the same (0-03% v/v) for specimens b, d, e, f, g, and i. A change in the conditions limiting
photosynthesis is indicated around 110 //E m~2 s"1. This pattern has previously been reported
by Chapman and Loomis (1953). Specimens, a, c, and h had more 14 CO 2 (0-05%) in the
chamber. The results for samples c and h, especially, suggest that a function of type in
equation (5) is required at light levels beyond 26 fiE m~2 s"1. At light levels lower than 15 //E
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FIG. 11. Counts of radioactivity in leaf discs versus incident light intensities. The points with open
symbols are for experiments (b, d, e, f, g, and j) for which the CO 2 concentration in ambient air was
about 0 0 3 % . The solid symbols are for experiments (a, c, h) for which the CO 2 concentration was
0 0 5 % v/v in ambient air.

m 2 s ' (specimen a), the effect of change in 14 CO 2 concentration is not as significant. The
data scatter probably reflects different photosynthetic efficiencies in different parts of the
same leaf and/or variations in the structural arrangements of the mesophyll cells. Leaves,
grown under artificial light at approximately 300 fiE m~2 s"1, also appear to accumulate a
decreasing amount of radioactivity beyond this light level in stagnant air. It should also be
mentioned that the leaves in experiments c, e, and h had been detached and kept in the dark
for more than 24 h. The leaves, b, f, and g at corresponding light intensities were used fresh
from leaves on plants kept in the dark for 8 h. The leaf photosynthesis capabilities do not
appear dependent on these treatment protocols.
Kinetics is suggested to limit CO 2 uptake by Vicia faba leaves strictly at
photosynthetically active light intensities below 10 //E m~2 s"1 which is higher than the
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APPENDIX
A capillary tube which has constant but different concentrations of a diffusing species A at its
opposite ends would have a steady state concentration profile of species A which satisfy the
equation:
H I rn _ dY. \

dZ\\ - XK dZ
K

= 0

(A-l)
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compensation light intensity of approximately 0-5 fiE m" 2 s~'. Light intensities much lower
than 10 juE m~2 s"1 could not be studied because respiration rates relative to photosynthesis
should become significant and radioactivity counting errors are unacceptable. Under kinetics
control, radioactivity accumulated preferentially in the palisade and in the spongy mesophyll
above the vascular bundle zone (Fig. 6a). The liquid phase resistance does not appear
controlling since the radioactivity distribution is not correlated to specific surface area
patterns. The activity distribution profiles and total counts in leaf discs with and without
pores were also essentially indentical. Hence, gas phase diffusion resistance is considered
negligible at low lights.
At a light level of 26-6 //E m~2 s~\ the distribution pattern for radioactivity shows two
maxima (one in each of the spongy and palisade layers) for CO 2 concentration in external air
about 0-03% (Fig. 8b) but only one peak is observed for 0-05% (Fig. 8a). With 0-05% v/v
CO 2 in air, most radioactivity is found a little beyond the vascular bundle zone where specific
area is also highest. The bimodal distribution in Fig. 8b suggests competing limiting
conditions for assimilation. Chloroplast activity as controlled by light appears limiting in the
spongy layer while the local CO 2 concentration is indicated to limit uptake in the palisade
zone. The absence of the second peak in Fig. 8a and the relative shift in the position of the
maxima in the spongy layer in Fig. 8a, and b supports the conclusion.
At the light intensity of 61 fiE m~2 s~\ the accumulation of radioactivity (Fig. 6c), is
similar to that in Fig. 8a. Between 110 and 420 /uE m~2 s"1 (Figs 7a, b, and c), essentially
parabolic profiles are observed and the peaks occur in the spongy layer just above the
vascular bundle zone. With increasing light intensity, the peaks are displaced slightly towards
the vascular bundle region. The curves for leaves exposed to 0-03% CO 2 and 0-05% CO 2
(Figs 8c and d) are similar but more radioactivity was detected when 0-05% CO 2 was used.
In the experiments, no significant differences in radioactivity distributions were noted when
the leaf surface was supplied 14 CO 2 through 1 -0 cm or 0-5 cm transfer tubes. This indicated
that pore resistance was not limiting for light levels below 420 juE m~2 s~'. Moreover, data in
Figs 3 and 5 show similar patterns for discs with and without pores. The accumulated
radioactivity is, however, lower for discs without artificial stomata. This is attributed to a
preferred lateral diffusion of 14 CO 2 in the highly porous spongy zone near the lower
epidermis. That is, the spongy mesophyll of the Viciafaba L. leaves is itself anisotropic.
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where XA is the local mole fraction of A, c is the molar concentration of the gas mixture and
DAB is the binary diffusion coefficient. This is the diffusion equation in a stagnant medium. If
the tube ends are denoted with subscripts 1 and 2, the solution to equation 1 is:
(A-2)
l-XAl)

\l-XAl

where L is the length of the tube and Z is the distance from the end with higher mole fraction
The flux of substance A is then:

N

^ = ~T'(\~_XxK1)

(A 3)

"

WA = NAZxSx

MA

(A-4)

where S is the channel cross-sectional area and MA is the molar mass of A. From the foregoing, it is obvious that if the concentrations XAJ and XA2 as well as c and DAB are kept constant, the mass transfer rate WA is simply proportional to the ratio S/L and does not depend
on the exact physical dimensions of the transport channel.
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